NK cell cytotoxicity requires the formation of an actin-rich immunological synapse (IS) with a target cell and the polarization of perforin-containing lytic granules toward the IS. Following the polarization of lytic granules, they traverse through the actin-rich IS to join the NK cell membrane in order for directed secretion of their contents to occur. We examined the role of myosin IIA as a candidate for facilitating this prefinal step in lytic NK cell IS function. Lytic granules in and derived from a human NK cell line, or ex vivo human NK cells, were constitutively associated with myosin IIA. When isolated using density gradients, myosin IIA-associated NK cell lytic granules directly bound to F-actin and the interaction was sensitive to the presence of ATP under conditions of flow. In NK cells from patients with a truncation mutation in myosin IIA, NK cell cytotoxicity, lytic granule penetration into F-actin at the IS, and interaction of isolated granules with F-actin were all decreased. Similarly, inhibition of myosin function also diminished the penetration of lytic granules into F-actin at the IS, as well as the final approach of lytic granules to and their dynamics at the IS. Thus, NK cell lytic granule-associated myosin IIA enables their interaction with actin and final transit through the actin-rich IS to the synaptic membrane, and can be defective in the context of naturally occurring human myosin IIA mutation.
N atural killer cells are lymphocytes of the innate immune system which are important for defense against cancer and viral infection (reviewed in Ref. 1) . NK cells directly kill transformed and infected cells, and also provide costimulation and produce cytokines to enhance immunity. Following NK cell conjugation with a target cell, an immunological synapse (IS) 3 forms at the contact site. The IS represents an arrangement of molecules that changes over time to enable NK cell functions (2, 3) . During NK cell cytotoxicity, the IS matures to consist of a peripheral ring of F-actin and adhesion molecules surrounding a secretory domain containing lytic granules (4) . Upon initial adhesion to target cells, NK cell activation causes polarization of the NK cell secretory machinery toward the target cell. Lytic granules traffic to the IS via microtubules, and exocytosis of their contents, including granzymes and perforin (5) , at the plasma membrane is required for cytotoxicity (6 -10) . Although discrete steps in cytotoxicity have been identified following the movement of lytic granules to the IS with the microtubule organizing center (MTOC), these primarily involve docking and fusion with the cell membrane (11) (12) (13) (14) . The F-actin cortex at the IS is dense, however, and although the lytic granules may come very close to the membrane via microtubules, the actin accumulated at the IS and bordering a secretory domain may nonetheless present an obstacle to lytic granules reaching the membrane. Therefore, transit through the F-actin-rich cell cortex may present an additional requirement for granule release before membrane fusion.
Myosin superfamily members have been defined as important facilitators of immunological function (15) (16) (17) . Myosins are ATP-dependent motors which generate force and movement along actin filaments and can facilitate cell motility and migration (15, 18 -20) . Nonmuscle myosin IIA, however, may have an additional role in NK cells, as it is present in a heterogeneous protein complex formed in NK cells upon their conjugation with susceptible target cells (21) . Myosin IIA is a hexameric protein consisting of two heavy (H) chains, two regulatory light (L) chains, and two essential L chains (reviewed in Ref. 22) . The N-terminal portion of the protein binds to actin and is important for ATP-dependent motor function, while the C-terminal portion is involved in filament formation and cargo binding (23) (24) (25) (26) (27) . Recently, a requirement for myosin IIA in NK cell degranulation was defined (16) . Interference with myosin IIA function using the specific myosin II inhibitor blebbistatin (28) or the myosin L chain kinase inhibitor ML-9 (29) , or myosin IIA small inhibitory RNA, decreased NK cell cytotoxic activity and exocytosis of lytic granule contents, but did not alter effector-target conjugation or NK cell IS formation (16) . Although myosin IIA has been implicated in the overall process of NK cell cytotoxicity (16) , it is unclear how it enables lytic granule exocytosis.
Mutations in the H chain of myosin IIA, MYH9, cause several human disorders, including May-Hegglin anomaly (30 -33) , characterized by macrothrombocytopenia and leukocyte inclusions. Additional variable somatic abnormalities can occur depending upon the specific MYH9 mutation, however, previous studies of patients with these disorders have not pursued or identified immunological deficiencies. In this study, we define a deficiency of NK cell cytotoxicity in four patients with May-Hegglin anomaly resulting from a C-terminal truncation of MYH9 at position 1933 and have defined a potential mechanism by which myosin IIA enables NK cell lytic granule exocytosis. We demonstrate that myosin IIA constitutively interacts with NK cell lytic granules and is required for the functional interaction of lytic granules with F-actin as well as their final approach to the synaptic membrane.
Materials and Methods

NK cell preparation
PBMCs were prepared from whole blood obtained from patients or healthy volunteer donors using centrifugation through Ficoll-Paque Plus lymphocyte isolation medium (Amersham Biosciences). Ex vivo NK cells (eNK) were prepared from PBMCs either by negative selection as described (6) , or by FACS for CD56 ϩ CD3 Ϫ lymphocytes in the cell sorting facility of Children's Hospital of Philadelphia using a BD FACSVantage SE/DiVa cell sorter (BD Biosciences), and were used in experiments immediately after preparation. To expand eNK cells for granule preparation, isolated CD56 ϩ CD3 Ϫ NK cells were cocultured with irradiated allogeneic PBMCs and RPMI 8866 cells in RPMI 1640 medium (Life Technologies) containing 5% human serum (Atlanta Biologicals), 500 U/ml human rIL-2 (National Institutes of Health AIDS Research and Reference Reagent Program), 5 ϫ 10 Ϫ5 M 2-ME (Life Technologies), and 2 g/ml PHA (SigmaAldrich). Following establishment of the culture, additional irradiated allogeneic PBMCs and RPMI 8866 cells were added along with 2 g/ml PHA every 21-30 days and expanded NK cells were monitored over time to maintain near 90% NK cell purity. Myosin IIA 1933x heterozygous mutant NK cells and/or PBMC were derived from four patients with MayHegglin Anomaly, possessing a C5797T alteration in exon 40 of the MYH9 gene. Mutation analyses were performed at Duke University, Mount Sinai School of Medicine or the Children's Hospital of Philadelphia according to published methods (32) . All human samples were obtained with informed donor consent and were used with the approval of the institutional internal review board for the protection of human subjects at the Children's Hospital of Philadelphia.
Cell lines and cellular evaluation
The immortalized NK cell lines YTS and YTS cells stably expressing GFP (YTS-GFP) or a myosin IIA-GFP fusion protein (YTS-MyoIIA-GFP, described below) were used as model NK cell systems and are described elsewhere (6) . 721.221 B-lymphoblastoid cells, K562 erythroleukemia cells, and K562 cells stably expressing CD86 (KT86, previously used and described; Ref. 6) were used as target cells. To generate YTS-MyoIIA-GFP cells, 3 ϫ 10 6 YTS cells were nucleofected using an Amaxa Nucleofector (Amaxa) with 2 g of linearized GFP-human nonmuscle myosin IIA H chain plasmid containing a neomycin resistance gene (Addgene) in Amaxa solution R (Amaxa), using nucleofection program O-017. Transfected cells were selected in G418 sulfate (Mediatech) and repeatedly sorted by FACS to obtain a pure population of GFP-expressing cells. YTS and eNK cell granzyme B and perforin content was evaluated by intracellular flow cytometry using fluorophore-conjugated mAbs (BD Biosciences).
Inhibitors
NK cells were preincubated with 40 M ML-9 (Sigma-Aldrich) in 0.5% ethanol, or 75 M blebbistatin (Sigma-Aldrich) in 0.0045% DMSO, for 30 min at 37°C where indicated, as previously described (16) . 51 Cr release cytotoxicity assay Cytolytic activity was measured by 51 Cr release assay, and where specified, lytic units calculated as described (34) . For cytotoxicity assay with isolated lytic granules, 3 ϫ 10 6 cell equivalents of each density gradient fraction were washed and resuspended in PBS, then added to 1 ϫ 10 4 51 Cr-loaded 721.221 or KT86 target cells in HBSS along with 2 mM CaCl 2 . To control for the protein contained in added granule fractions, target cells used for measuring the spontaneous release of 51 Cr were suspended in 0.03% BSA in PBS with 2 mM CaCl 2 .
Fixed cell microscopy
Conjugates between NK and target cells at a 2:1 ratio were formed in suspension for 30 min and adhered to poly-L-lysine-coated glass slides (Polyprep; Sigma-Aldrich) for 15 min, all at 37°C, as described (7) . Fixing, permeabilization, and staining were performed as previously (6) , except the following reagents were used in the specified sequence: 1) anti-myosin IIA (Sigma-Aldrich) or rabbit IgG control (Sigma-Aldrich), or anti-myosin IIA (Abcam) or mouse IgG control; 2) anti-rabbit Pacific Blue (Molecular Probes) or anti-mouse Pacific Blue (Molecular Probes); 3) rabbit IgG (to block nonspecific binding); 4) unconjugated or FITC-conjugated antiperforin clone ⌬G9 (BD) or nonspecific IgG clone MOPC21 (BD, as a control); 5) Alexa Fluor 647-conjugated highly cross-adsorbed goat antimouse (Invitrogen), or AlexaFluor 647-conjugated phalloidin or 647-conjugated streptavidin control (Molecular Probes). All Abs were used in the range of 0.6 -20 g/ml. Slides were covered with 0.15 mm coverslips (VWR Scientific) using mounting medium (Molecular Probes). Imaging was performed using a spinning disk confocal microscope (Olympus IX-81 DSU), and images analyzed using Volocity software (Improvision). For evaluation of myosin IIA, GFP, actin, and perforin localization throughout the cell volume, 20 -30 images were acquired through the z-axis at 0.5 m intervals and reconstructed using Volocity software.
In all experiments, detection settings were adjusted so that controlstained samples were uniformly negative and experimentally stained samples were not saturating or emitting signal detectable using filter sets intended for imaging other fluorophores. Settings were not adjusted throughout the experiment to allow for quantitative assessment of signals. The accumulation of fluorescent molecules was examined using the intensity threshold of 1.5-3.5 SD higher than the mean intensity of the fluorophore within the field. The area occupied by an accumulated fluorescence intensity was measured using this threshold, and the area of colocalization between different fluorescent molecules was determined by measuring the area containing two or more accumulated fluorophores. The percentage colocalized was determined by comparing the area of colocalization to the total area occupied by a certain fluorophore. Images shown have a similar intensity threshold applied for visualization as for analysis to facilitate the visualization of the fluorescent signal measured. Analysis of perforin polarization to the IS was performed as described previously for MTOC polarization (6), using perforin fluorescence in place of ␣-tubulin. Quantitative analysis of F-actin accumulation at the IS was performed as described previously (6) , with the following modification: a series of 1 m 2 regions were generated to cover the IS, and the mean F-actin intensity measured and multiplied by the area of F-actin determined by applying the same threshold to all areas sampled.
Live cell microscopy
NK cells were loaded with Lysotracker Red DND-99 (Molecular Probes), incubated for 30 min at 37°C, washed, and resuspended in RPMI 1640 with 10% FCS. KT86 or 721.221 target cells were adhered to a ⌬T dish (Bioptechs) precoated with anti-CD48 (BD Biosciences, for 721.221) or anti-CD58 (BD Biosciences, for KT86) mAb for 30 min at 37°C. Lysotracker-loaded NK cells were introduced to the ⌬T dish at a 1.5:1 E:T ratio, and cells were imaged in a single z-plane using an Olympus IX-81 spinning disk confocal microscope and Volocity Software (Improvision) every 15 s over the course of 20 -30 min of conjugation. Temperature was maintained at 37°C over the course of the experiment using a ⌬T dish heater and objective heater units (Bioptechs). For analysis of colocalization over time, 3-5 images were chosen from Ն8 conjugates which contained visible lytic granules and represented stages of IS formation (recognition of target cell, lytic granule clustering and initial polarization, final stages of granule polarization). Values were averaged with others representing similar time after conjugation binned by 1 min intervals. Accumulation of fluorescent molecules was analyzed as described above for fixed cells, using a similar intensity threshold to define accumulation of fluorescent signal. The area occupied by accumulated fluorescence was measured and the percent colocalized area determined for each time point. Images shown have a similar intensity threshold applied for visualization as for analysis to facilitate the visualization of the fluorescent signal measured.
Total internal reflection fluorescence (TIRF) microscopy
Four ϫ 10 5 YTS cells were loaded with 10 M Lysotracker Green (Invitrogen), resuspended in 0.5 ml RPMI 1640 with 10% FCS, and added to anti-CD28 coated ⌬T dishes (Bioptechs) heated to 37°C. Cells were imaged through the z-axis 25 min after addition, using confocal microscopy to identify cells with granules polarized to the anti-CD28-coated glass. Cells were then visualized using a 90°side port on the same microscope outfitted with a TIRF illuminator (Olympus) and an Argon 488 nm laser (Melles Griot) with a 60 ϫ 1.45 NA objective. Images were acquired in TIRF mode at the interface between the cell and glass over 30 s at a rate of 5 images/sec. Image streams were analyzed by cropping to the cell of interest, then further cropping to the cell footprint by applying an inclusive classifier to detect objects that fell above the mean intensity of the image. Objects within the cell having an intensity Ͼ3 SD above the mean intensity of all pixels and Ͼ0.05 m 2 were included for analysis. Object tracks were identified over time using the Volocity Shortest Path tracking model set to join broken tracks with a maximum distance between objects of 0.05 m.
Objects not assigned to a track, i.e., those that were present for only one timepoint, were excluded from analysis.
Analysis of NK cell degranulation
PBMCs were resuspended at a concentration of 1 ϫ 10 6 cells/ml to which 1 ϫ 10 5 K562 cells, 3 g/ml anti-CD28 and anti-CD49d (BD Biosciences), 0.7 g/ml monensin (BD Biosciences), 1 g/ml brefeldin A (SigmaAldrich), and anti-CD107a were added. Cells were incubated at 37°C, 5% CO 2 for 5 h, washed, stained for viability with Aqua amine-reactive viability dye (Invitrogen), and then stained with surface Abs. K562 were not added to control samples. Abs for surface staining included anti-CD4 PECy5-5 (Invitrogen) or PerCP-Cy5.5 (BD Biosciences), anti-CD56 PE (BD Biosciences), and anti-CD107a FITC (BD Biosciences). The cells were then washed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer's instructions and stained with anti-CD3 Qdot 585 for 1 h, washed, and fixed in PBS containing 1% paraformaldehyde. For each specimen, between 500,000 and 1,000,000 total events were acquired on a modified flow cytometer (LSRII; BD Immunocytometry Systems). Ab capture beads (BD Biosciences) were used to prepare individual compensation tubes for each Ab used in the experiment. Data analysis was performed using FlowJo version 8.8.2 (TreeStar).
Western blot
For Western blotting of total lysate, cells were lysed in ice-cold lysis buffer (25 mM Tris-Cl (pH 7.5), 150 mM NaCl, 5 mM MgCl 2 , 1% Nonidet P-40, 1 mM DTT, 5% glycerol). Proteins from 2.5 ϫ 10 6 cell equivalents per sample were separated on a 4 -12% Bis-Tris density gradient gel (Invitrogen) and transferred to nitrocellulose membranes (Invitrogen), which were blocked in 3% BSA and 140 mM NaCl TBS and then incubated with anti-myosin IIA (Sigma-Aldrich) and anti-GFP (Santa Cruz Biotechnology) Ab. Bound Abs were detected with anti-rabbit or anti-mouse IgG coupled to fluorophores (AlexaFluor 680, Molecular Probes; IRDye 800, Rockland), and imaged using the Odyssey Infrared Imaging System (LiCor Biosciences). For Western blotting of isolated lytic granules and related samples, 4 -5.6 ϫ 10 5 cell equivalents of density gradient fractions were separated and transferred as described above, and membranes were incubated with the following Abs: anti-myosin IIA (Sigma M8064), antimyosin IIA (Abcam 55456), anti-granzyme B (Sigma-Aldrich), anti-actin (Sigma-Aldrich), anti-perforin (Diaclone), or anti-LAMP-1 (BD Biosciences). The Sigma-Aldrich Ab to myosin IIA detects the C terminus of the protein, while the Abcam Ab detects an internal epitope, which is not truncated in the 1933x protein. Bound Abs were detected as described above. Densitometric analysis was performed for Western blots using LiCor Odyssey software.
NK cell IFN-␥ secretion
YTS NK cells were preincubated with blebbistatin or vehicle for 30 min at 37°C, after which medium or 721.221 target cells at a 2:1 effector to target cell ratio were added for 0, 4, or 22 h. After incubation, cell supernatants were removed and frozen at Ϫ80°C and then batch analyzed by IFN-␥ ELISA (R&D Systems). For analysis of eNK IFN-␥ secretion, eNK cells were preincubated with blebbistatin or vehicle, then incubated with 721.221 cells as described above for 22 h.
Isolation of granules from NK cells
One to three ϫ 10 8 YTS or YTS-Myosin II-GFP NK cells were lysed and homogenized using a Dounce homogenizer. The homogenized lysates were subjected to centrifugation at 1000 ϫ g to remove the nuclei. The postnuclear lysate was subjected to centrifugation at 18,000 ϫ g to pellet the lytic granules, yielding the crude lysosomal fraction. The crude lysosomal fraction was resuspended in extraction buffer and subjected to density gradient ultracentrifugation at 150,000 ϫ g on an 8 -27% Optiprep gradient (Lysosomal Isolation Kit, Sigma-Aldrich, or Lysosome Enrichment Kit, Pierce). Fractions of 0.53 ml were harvested for further analysis. For isolation of lytic granules from human NK cells, 1 ϫ 10 8 NK cells were isolated as described above from peripheral blood, and granule isolation was performed as described above. Where specified for comparison to conjugated cell granules, 2 ϫ 10 8 YTS or YTS-Myosin IIA-GFP NK cells and 1 ϫ 10 8 KT86 target cells were either incubated together at 37°C for 30 min before being lysed, or were lysed and homogenized separately, and then mixed. The lysates of both cell types were then subjected to the lytic granule isolation procedure described above.
Biotinylation of isolated lytic granules
The lytic granule density gradient fraction found by Western blot to contain the most granzyme B and myosin IIA was washed in PBS and divided into two equal-volume portions. One portion was incubated with PBS (pH 8.0) alone, while the second portion was incubated with EZ-Link Sulfo-NHS-SS-Biotin (Pierce) in PBS (pH 8.0) at room temperature for 30 min following manufacturer's instructions. Both portions were then washed 2ϫ with ice-cold PBS and lysed in 1% Nonidet P-40. Lysed granules were precleared at 8200 ϫ g for 10 min, then incubated with streptavidin-agarose beads (Millipore) at 4°C for 1 h. Beads were pelleted at 8200 ϫ g, then washed 3ϫ with ice-cold PBS. Immunoprecipitated proteins were released from beads by boiling in LDS sample buffer (Invitrogen) and subjected to gel electrophoresis and Western blot as described above.
Serine esterase assay
Equal volumes of each lytic granule isolation density gradient fraction were placed into a 96-well plate, to which a substrate solution consisting of PBS containing 9.8 mM HEPES (Life Technologies), 196 M N-a-Cbz-L-lysine thiobenzyl ester hydrochloride (BLT, Sigma-Aldrich) in 1:1 acetic acid:ethanol, and 218 M 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich) in ethanol was added. Whole cell lysate from 1 to 2.5 ϫ 10 5 YTS cells was added to separate wells as a control. Samples were incubated with substrate solution for 30 min at 37°C, and following incubation, absorbance was measured at 415 nm.
Actin-binding centrifugation assay
F-actin was generated from purified G-actin using standardized reagents (Cytoskeleton) according to manufacturer's instructions and allowed to stabilize for 14 h at 23°C. Isolated lytic granule samples from one fraction of the density gradient were incubated for 30 min at 23°C in the presence or absence of 3.83 M F-actin. Actin bundling protein ␣-actinin was added at 20 g/ml as a positive control. Samples were then precipitated by centrifugation at 18,000 ϫ g, a force lower than needed to precipitate F-actin but suitable for precipitating lytic granules. The precipitate and supernatant were evaluated for the presence of actin and granzyme B by Western blot.
Actin-binding flow chamber assay
Purified G-Actin (11.5 M, Cytoskeleton) was polymerized using Factin polymerization buffer (Cytoskeleton) in the presence of 11 M unlabeled phalloidin (Sigma-Aldrich), 0.85 M biotinylated phalloidin (Molecular Probes), and 1.41 M Alexa Fluor 647-labeled phalloidin (Molecular Probes), then allowed to stabilize for 4 h at 23°C. Fifty millimeter coverslips (VWR) were coated with 10 g/ml biotinylated BSA (Pierce), followed by 10 g/ml streptavidin (Jackson ImmunoResearch Laboratires), and where specified, followed by polymerized, phalloidin-stabilized F-actin. A flow chamber was created by adhering a 40 mm coverslip (VWR) to each protein-coated coverslip using silicone grease. One hundred fifty microliters of isolated lytic granules from a density gradient fraction enriched in myosin IIA and granzyme B were washed in PBS at 18,000 ϫ g, incubated with Lysotracker Red DND-99 for 30 min at 37°C, washed, and resuspended in physiologic salt buffer (25 mM KCl, 2 mM MgCl 2 , 20 mM HEPES (pH 7.6)). Where specified, granules were also incubated with and maintained in 75 M blebbistatin. Lytic granules were added to the flow chamber dropwise, and buffer drawn through the chamber using Whatman paper at the opposite end. After granules had adhered to the slide despite continued buffer flow, high-salt/ATP (100 mM KCl, 2 mM MgCl 2 , 20 mM HEPES (pH 7.6), 5 mM ATP) solution was added to the chamber. Granules were allowed to flow through or adhere to the chamber for 1-2 min before imaging with an Olympus IX-81 spinning disk confocal microscope at maximum speed (ϳ5 images/sec). Images were analyzed using Volocity software, in which granules were defined as objects containing 2 SD or higher GFP intensity (for Myosin IIA-GFP cell granules) or Lysotracker Green intensity (for human NK granules). Objects less than 1 m 2 in area were excluded as debris. The "Track Objects" function in Volocity was used following the "Shortest Path" tracking model, identifying moving objects as tracks. Broken tracks were joined by the program using a maximum distance between objects of 20 m to avoid identifying one moving granule as multiple tracks, and to allow accurate joining of fast-moving objects. Tracks with displacement Ͼ5 m were considered to be lytic granules in motion in the flow chamber, and were counted, then divided by the duration of the video to control for differences in imaging time. For visualization of BSA/SA-and BSA/SA/Actin-coated flow chambers, separate flow chambers were made containing BSA/SA or BSA/SA and Factin, stabilized with 11 M AlexaFluor 488-labeled phalloidin (Molecular Probes). Flow chambers were visualized by TIRF microscopy as described above.
Mass spectrometry
Fractions of the lytic granule density gradient shown by Western blot to be enriched in granzyme B and myosin IIA were separated by electrophoresis on a 4 -12% Bis-Tris density gradient gel (Invitrogen) which was stained with colloidal Coomassie brilliant blue. Individual bands of interest were excised, digested with trypsin, and subjected to vacuum matrix-assisted laser desorption mass spectrometry as described (21) in the Protein Core Facility of the Children's Hospital of Philadelphia. MS data was analyzed using Scaffold software (Proteome Software).
Electron microscopy (EM)
Two hundred microliters of isolated lytic granules from YTS NK cells was washed in PBS at 18,000 ϫ g and resuspended in 1 ml of immuno-EM fixative (4% paraformaldehyde, 0.1% glutaraldehyde, 0.1 M sodium cacodylate buffer (pH 7.4)) for 18 h at 4°C. After subsequent dehydration in ethanol, the sample was embedded in L.R.White resin and polymerized with UV light at Ϫ20°C. Ultrathin sections on nickel grids were treated with a blocking solution containing OVA and cold water fish skin gelatin before incubation with antimyosin IIA Ab (Sigma-Aldrich). After multiple PBS washes, sections were treated with a goat anti-rabbit secondary Ab conjugated to 6 nm gold particles. Sections were imaged in the Biomedical Imaging Core Facility of the University of Pennsylvania using a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera system. True immunogold labeling in images was identified using AMT imaging software by reducing ␥ to 0.3. Data shown, however, represent the original unmodified image.
Statistics
For fixed and live cell microscopy, the minimum number of cells evaluated in a given experiment was determined using a sample size calculation based upon preliminary data, with ␣ and ␤ error levels of 1%. For statistical analyses, differences between cell types or conditions were determined using an unpaired two-tailed Student's t test or an exact WilcoxonMann-Whitney U test. Differences were considered significant if p Ͻ 0.05.
Results
Human NK cells with a myosin IIA 1933x mutation have reduced cytotoxicity and lytic granule entry into F-actin at the IS
Inhibition of myosin IIA with blebbistatin or ML-9, or reduction of its expression using siRNA was previously shown to block NK cell cytotoxicity but not lytic granule polarization to the IS (16) . Thus, we wanted to determine the role of myosin IIA in enabling granule release following lytic granule polarization. To evaluate an endogenous role for myosin IIA in human NK cells with a link to disease, we assessed NK cell function in four May-Hegglin anomaly patients heterozygous for a C5797T mutation in MYH9. This mutation introduces a stop codon leading to C-terminal truncation of the myosin IIA H chain at position 1933 (1933x; see Refs. 30 and 32). PBMCs from all four patients demonstrated significantly reduced cytotoxic activity against K562 target cells when compared with control donors (Fig. 1, A and B) . To determine that the reduction in cytotoxicity was not transient, one of the four patients (patient 1) was evaluated longitudinally. In four independent assessments over a period of twenty months, the mean cytotoxicity mediated by patient PBMCs was reduced (data not shown). To ensure that the reduced cytotoxicity was not a feature of other cells present in PBMC preparations, and to control for potential variability in the percentage of NK cells, NK cells from three patients and controls were enriched by negative selection and immediately evaluated in a cytotoxicity assay. The cytotoxic activity of patient eNK cells against K562 target cells was still reduced compared with control eNK cells (Fig. 1, B and C) . Because myosin IIA was previously shown to be needed for NK cell degranulation as determined by CD107a up-regulation (16), we wanted to determine whether the decreased cytotoxicity in patient NK cells was due to a similar blockade. After incubation with K562 target cells, CD107a was up-regulated on control donor NK cells, but not on those from a patient (Fig. 1D) . Thus, both cytotoxicity and degranulation are defective in patients with a myosin IIA truncation, similar to blebbistatin or MYH9 siRNA-treated NK cells (16) .
To examine the mechanism underlying defective cytotoxicity in 1933x patient NK cells, we evaluated the localization of perforin, which is contained in lytic granules, relative to F-actin and myosin IIA at the IS in patient eNK cells. Control donor and 1933x patient eNK cells were conjugated to K562 target cells, fixed, and evaluated using confocal microscopy. In eNK cells with perforin polarized toward the IS, volumes of perforin, actin, and myosin IIA fluorescence were identified. In control eNK cells, there was extensive colocalization between volumes of perforin and F-actin (Fig. 2, A and F and supplemental Video 1A) 4 suggesting the penetration of lytic granules into accumulated F-actin at the IS. In contrast, in 1933x eNK cells (Fig. 2 , B and G and supplemental Video 1B) and blebbistatin-treated eNK cells (Fig. 2C and supplemental Video 1C), perforin was polarized toward the IS (quantified in supplemental Fig. S1A ), but there was substantially reduced colocalization between volumes of perforin and F-actin at the IS compared with control ( Fig. 2, E and I) . This suggests that myosin-IIA function was required for lytic granule penetration into F-actin accumulated at the IS.
To begin to understand the role of myosin IIA in granule penetration into F-actin at the IS, we evaluated myosin IIA localization in eNK cells using one of two different Abs. The first detected only wild-type myosin IIA, while the second detected both truncated and wild-type forms. In control eNK cells, there was extensive colocalization between perforin and myosin IIA (Fig. 2, A, D, E, F, H , and I and supplemental Video 1D). In patient eNK cells, colocalization between perforin and wildtype myosin IIA was reduced (Fig. 2, B, D , E, and supplemental figure S1C and S1D and supplemental Video 1E), but when total myosin IIA was considered, the colocalization of perforin with myosin IIA was similar to control (Fig. 2, G-I ). This suggests that although a normal amount of myosin IIA colocalized with perforin in patient NK cells, its function was reduced by the inclusion of the mutant form. In blebbistatin-treated eNK cells, however, the colocalization between perforin and myosin IIA was slightly reduced compared with control (Fig. 2, C-E and supplemental Video S1F). Differences were not a feature of protein present per unit volume, as the total mean intensity of fluorescent regions was similar between the different eNK evaluated (supplemental Fig. S1B ). The quantity of perforin and actin in cells and the quantity of F-actin accumulated at the IS was also similar between control, 1933x, and blebbistatintreated cells (supplemental Fig. S1A , S1B, and S1G), suggesting that defective myosin IIA was not affecting these parameters. Thus, although actin accumulated at and perforin polarized toward the IS, the colocalization between perforin and F-actin in 1933x and blebbistatin-treated eNK cells was reduced relative to control. This suggests decreased penetration of lytic granules into the F-actin cortex at the IS in these cells and implies a role for myosin IIA in facilitating lytic granule interaction with Factin after they are polarized to the IS.
Myosin IIA is not required for IFN-␥ secretion
Because myosin IIA was previously demonstrated to be necessary for exocytosis of lytic granule contents (16), we wanted to determine whether it is a general requirement for all types of secretion in NK cells. Thus, we measured IFN-␥ secretion, which is a differentially regulated process from degranulation in NK cells (35) . We initially used YTS NK cells because they require myosin IIA for cytotoxicity and lytic granule release, similar to eNK cells (16) . YTS cells were treated with vehicle control or blebbistatin and incubated in the presence or absence of 721.221 target cells. The secretion of IFN-␥ into the supernatant was determined by ELISA after 0, 4, or 22 h of incubation. In the absence of 721.221 cells, there was minimal IFN-␥ in both vehicle-and blebbistatin-treated cell cultures. In the presence of 721.221 cells, however, IFN-␥ secretion was augmented after 4 h and increased further after 24 h of incubation. The amount of IFN-␥ secreted by blebbistatintreated cells was similar to that secreted by vehicle-treated cells (Fig. 3A) . This result was extended to control donor eNK cells allowed to conjugate with 721.221 cells, where there was also no inhibition of IFN-␥ secretion observed in blebbistatin-treated relative to vehicle-treated cells (Fig. 3B) . This demonstrates that myosin IIA is not required for cytokine secretion, and that it is not a generalized requirement for secretory activity in NK cells. 4 The online version of this article contains supplementary material. 
Myosin IIA and perforin colocalize in NK cells before and throughout IS formation
Because the requirement for myosin IIA in secretion appears to be specific to NK cell lytic granule contents, we wanted to more thoroughly evaluate the localization of myosin IIA relative to lytic granules in NK cells. YTS cells expressing a myosin IIA-GFP fusion protein (YTS-MyoIIA-GFP) were generated and compared with YTS cells expressing GFP alone using fixed and live cell confocal microscopy. Both of these cell lines, as well as parental YTS cells, expressed similar levels of endogenous myosin IIA (supplemental Fig. S2A) , however, YTS-MyoIIA-GFP cells expressed the additional myosin IIA-GFP fusion protein. The overexpression of myosin IIA in these cells did not alter their cytotoxic function, as measured in 51 Cr-release assays (supplemental Fig. S2B and S2C) .
Using these cells, we first determined the localization of myosin IIA and perforin throughout their volumes when conjugated to K562 cells made susceptible to YTS cell cytotoxicity by stable expression of CD86 (KT86; Ref. 6). As myosin IIA is abundant in NK cells, an analysis algorithm was used with an intensity threshold to include only the most intense fluorescent signal for myosin IIA, GFP, and perforin. Myosin IIA was cytoplasmic but demonstrated variations in intensity, as identified using anti-myosin IIA Ab, in fixed conjugates from all three cell lines (Fig. 4, A-C) . In YTS-GFP cells, GFP was localized throughout the cells, while in YTS-MyoIIA-GFP cells, the GFP resembled myosin IIA localization (Fig. 4, B and C) , and the mean percent colocalization between GFP and myosin IIA in YTSMyoIIA-GFP cells was higher than in YTS-GFP cells (supplemental Fig. S3A ). Thus, myosin IIA-GFP fusion protein but not GFP alone recapitulated the localization of endogenous myosin IIA.
In all cell lines, myosin IIA colocalized with lytic granules, as 4 -14% of the myosin IIA volume colocalized with perforin, and 39 -65% of perforin volume colocalized with myosin IIA (supplemental Fig. S3B ). Thus, a small pool of myosin IIA localized in lytic granule regions, but a large proportion of lytic granule regions colocalized with myosin IIA. A similar colocalization between perforin and myosin IIA-GFP fusion protein, but not GFP alone, was identified in YTS-MyoIIA-GFP and YTS-GFP cells, respectively (supplemental Fig. S3A) . Thus, the localization of the myosin IIA-GFP fusion protein to lytic granule regions was specific.
We next wanted to determine whether the colocalization between myosin IIA and lytic granules changed during NK cell activation and IS formation in living cells. YTS-MyoIIA-GFP or YTS-GFP cells were loaded with Lysotracker Red dye to visualize the lytic granules, added to environmental chambers containing KT86 target cells, and imaged every 15 s. After conjugation, the lytic granules in NK cells began to polarize toward the target cell (Fig. 4, D and E) . During this time, in YTS-MyoIIA-GFP cells, a portion of the myosin IIA-GFP in the cell remained with the lytic granules and polarized along with them toward the IS (Fig. 4D and supplemental Video 2). Although lytic granules still polarized to the IS in YTS-GFP cells, the GFP was not increased in the region of the lytic granules ( Fig. 4E and supplemental Video 3) . This dynamic localization of myosin IIA-GFP, but not GFP alone, with lytic granule regions was best visualized using a GFP intensity pseudocolor scale (Fig. 4, D and E, bottom and supplemental videos 2 and 3, bottom). To quantify this colocalization, multiple conjugated and unconjugated YTS-MyoIIA-GFP cells were compared, and only the most intense myosin IIA-GFP fluorescence was measured (Ͼ1.5 SD above the mean fluorescence intensity). The colocalization of Lysotracker Red with myosin IIA-GFP was similar in unconjugated (mean ϭ 65 Ϯ 4%) and conjugated (mean ϭ 77 Ϯ 10%) cells with no specific trend toward an increase or decrease in colocalization (Fig. 4F) . A similar consistent colocalization between cellular myosin IIA-GFP and Lysotracker Red was identified (12 Ϯ 1% in unconjugated and 17 Ϯ 4% in conjugated cells) (Fig. 4G) . Furthermore, the intensity of myosin IIA-GFP within Lysotracker Red regions remained constant after conjugation (Fig. 4H) , suggesting that recruitment of myosin IIA-GFP to lytic granules was unlikely. The colocalization between Lysotracker Red and GFP in YTS-GFP cells was consistently lower than in YTS MyoIIA-GFP cells (Fig. 4I) , thus demonstrating that the presence of myosin IIA in the GFP fusion enabled its preferential and consistent colocalization with lytic granules.
Myosin IIA is associated with NK cell lytic granules
To biochemically determine whether myosin IIA interacts with lytic granules, granules were isolated from NK cells by density gradient separation and collected in seven equal volume fractions. Myosin IIA was identified in the lytic granule preparation by Western blot, and comigrated with perforin, granzyme B, and LAMP-1 (Fig. 5A ). All four proteins were enriched in fractions 4 -6 compared with the post nuclear lysate. These fractions contained 80 -90% of the total protein in the granule fractions. There was a paucity of actin in lytic granule fractions, demonstrating the general lack of cellular contamination (Fig. 5A) . Myosin IIA-containing lytic granule fractions possessed granzyme A activity (Fig.  5B ) and were able to kill 51 Cr-labeled KT86 and 721.221 target cells (Fig. 5, C and D) . The presence of myosin IIA in these fractions was verified by mass spectrometry, as were perforin and granzyme B (Fig. 5E and data not shown) . This association was also observed by confocal microscopy. Lytic granules isolated from YTS-MyoIIA-GFP cells and loaded with Lysotracker Red demonstrated red and green fluorescence in granule-sized organelles (Fig. 5F ). The association between myosin IIA and lytic granules did not change after target cell conjugation, as granules prepared from unconjugated and conjugated YTS cells had a similar amount of myosin IIA when compared with the amount of granzyme B by Western blot analysis (supplemental Fig. S4 ).
To ensure that our results were not specific to YTS cells and to determine whether 1933x myosin IIA affected interaction with lytic granules, granules were isolated from control donor and patient culture-propagated NK cells. In both normal donor and patient lytic granules, myosin IIA comigrated with granzyme B (Fig.  5 , G and I) and with granzyme A activity (Fig. 5, H and J) , implying that myosin IIA associates with human NK cell lytic granules. To determine whether the mutant myosin IIA was capable of interacting with lytic granules, we used the two different myosin IIA Abs used in Fig. 2 . If only wild-type myosin IIA were associated with lytic granules, the densitometric ratio of bands detected with the two different Abs should approach 1.0. As expected, this ratio approximated 1 in control donor lytic granules (Fig. 5G) , but did not in patient lytic granules (Fig. 5I) . Thus, both wild-type and mutant myosin IIA was associated with lytic granules from patient NK cells. The densitometric ratio of total myosin IIA to granzyme B was similar in patient and control lytic granules, however, and therefore the total quantity of myosin IIA was not reduced in patient granules compared with control (Fig. 5, G and I) .
To gain greater insight into how lytic granule-associated myosin IIA could contribute to function, we next attempted to determine the precise localization of myosin IIA on NK cell lytic granules. We first performed immuno-electron microscopy on intact unconjugated control donor eNK cells as well as isolated YTS cell lytic granules. In unconjugated eNK cells, myosin IIA was identified on the periphery of lytic granules (Fig. 6A) . This was confirmed by EM analysis of isolated lytic granules, which were decorated with anti-myosin IIA Ab (Fig. 6B) As an additional approach, isolated lytic granules were surface biotinylated, followed by precipitation of granule surface proteins with streptavidin-agarose. In this study, myosin IIA was identified in the precipitate from biotinylated lytic granules, but not unlabeled lytic granules (Fig. 6D) . Overall, these data suggest that myosin IIA is associated with lytic granules in NK cells and is located on their surface and not in the core of these organelles. In this location, it may be poised to facilitate the interaction of lytic granules with actin and their penetration into the F-actin-rich IS.
Myosin IIA-associated lytic granules can bind F-actin
To demonstrate a potential function of lytic granule-associated myosin IIA, we examined the ability of isolated NK cell lytic granules to bind F-actin using a centrifugation-based assay. Lytic granules were incubated in the presence of F-actin and then subjected to centrifugation at a speed which pellets lytic granules, but not F-actin alone. Addition of YTS cell lytic granules to F-actin resulted in the presence of F-actin in the lytic granule pellet and reduced F-actin in the residual supernatant (Fig. 7, A and B) . The percent of F-actin pelleted by the lytic granules was similar to that obtained in the pellet after addition of the actin bundling protein ␣-actinin, which was used as a positive control to aggregate Factin. Transmission EM of the pellet from lytic granules added to F-actin demonstrated filamentous material associated with the lytic granules (Fig. 7E) ; the granule pellet alone without added F-actin did not (Fig. 7F) . Similarly, Western blot of the granule pellet from the control portion of this assay, in which F-actin was not added, did not demonstrate the presence of actin (Fig. 7A) . Thus, the presence of actin in the pellet after addition of exogenous F-actin defines a specific interaction between lytic granules and F-actin.
To confirm that this property of NK cell lytic granules was not specific to YTS cells, and to evaluate the effect of 1933x myosin IIA, F-actin-binding assays with isolated lytic granules from control donor and patient NK cells were performed. The addition of control, but not patient, NK cell lytic granules to F-actin resulted in actin in the lytic granule pellet and reduced actin in the residual supernatant (Fig. 7, C and D) . Overall, while control donor NK cell lytic granules were able to associate with nearly the same amount of F-actin as the positive control (86 Ϯ 2% of the quantity removed from the supernatant by ␣-actinin determined by densitometry of actin bands), granules from 1933x patient NK cells could only associate with less than half of the amount of F-actin as positive control (42 Ϯ 3% of ␣-actinin). This demonstrates that normal human NK cell lytic granules can bind F-actin and suggests that 1933x myosin IIA reduced the ability of patient lytic granules to interact with F-actin. This implies a specific role for lytic granule-associated myosin IIA in F-actin binding.
To directly observe the binding of the isolated lytic granules to F-actin, we constructed microflow chambers coated with biotinylated BSA and streptavidin (BSA/SA, supplemental Fig. S5 ), or BSA/SA and F-actin stabilized with biotinylated phalloidin (supplemental Fig.   S5 ), to which lytic granules were added. We initially studied lytic granules from YTS-MyoIIA-GFP cells, which were visible by confocal fluorescence microscopy due to the presence of myosin IIA-GFP. When suspended in a physiologic salt buffer and added to a BSA/SA-coated microflow chamber, the lytic granules did not adhere to the coated glass surface (Fig. 8, A and B and supplemental Video 4A). When added to an F-actin-coated microflow chamber, however, the granules adhered to the chamber, despite continued flow of buffer (Fig. 8, A and B and supplemental Video 4B). After lytic granules were stable in their position, buffer was changed from physiologic salt to high salt containing 5 mM ATP, which abrogates myosin II binding to F-actin by first causing myosin II detachment from actin through its ATP-dependent motor activity and then preventing rebinding through the presence of high salt (36) . Under these conditions, most granules no longer adhered to the microflow chamber (Fig. 8, A and B and supplemental Video 4C). The granules did not begin to move through the chamber upon addition of high-salt buffer containing no ATP (data not shown), suggesting that the granules are released from F-actin by the addition of ATP. Granules that were pretreated with blebbistatin also failed to properly adhere to F-actin-coated chambers (Fig. 8A) , further implicating a specific role for myosin II.
To confirm that these properties of YTS-MyoIIA-GFP-derived lytic granules were relevant to primary human NK cells and to define the effect of 1933x myosin IIA, lytic granules prepared from culturepropagated control and patient eNK cells were loaded with Lysotracker Green and evaluated in the microflow chambers. In F-actincoated chambers with physiologic salt buffer, control, but not patient, granules adhered to the coated glass surface similarly to the YTSMyoIIA-GFP granules (Fig. 8, C and D and supplemental Videos 5A and 6A). Upon exposure to high-salt buffer containing ATP, granules from both control donor and patient eNK cells were not adherent to the F-actin-coated chamber (Fig. 8, C and D and supplemental Videos 5B and 6B). These results demonstrate a direct interaction between NK cell lytic granules and F-actin and suggest a critical role for intact myosin IIA function in this process.
Myosin II function is necessary for lytic granule approach to the IS
Because we found that NK cell lytic granules adhere to F-actin, we wanted to determine whether myosin IIA could facilitate granule movement through the F-actin dense cell cortex. To test this, we used TIRF microscopy to image granules at the activated surface of YTS cells. We have previously shown that YTS cells polarize their lytic granules to and accumulate Factin at anti-CD28-coated glass surfaces within 30 min (6). Thus, Lysotracker Green-loaded YTS cells were adhered to anti-CD28-coated environmental chambers for 25 min, and lytic granule polarization toward the contact site was determined using confocal fluorescent z-axis sectioning (Fig. 9A) . Cells with polarized lytic granules were then imaged in TIRF mode at a maximum acquisition rate for 30 s. In control YTS cells, lytic an enlargement of the area containing lytic granules. D and E, Live cell confocal images of Lysotracker Red-loaded YTS-MyoIIA-GFP (D) or YTS-GFP (E) cells conjugated with KT86 target cells. The DIC image taken at 0 min is shown (left). Top panels show an overlay of Myosin IIA-GFP (YTSMyoIIA-GFP) or GFP (YTS-GFP) (green) with Lysotracker Red (red); bottom panels use a pseudocolor scale to show intensity of GFP only (Lysotracker Red fluorescence was removed before applying color scale). In all images, an intensity threshold has been applied to the fluorescent signal so that only three SD above the mean intensity for each fluorophore is shown. Scale bars ϭ 10 m. I and J) cells. A, G, and I, Myosin IIA, granzyme B, LAMP-1 , perforin, and actin Western blot of density gradient fractions, from least (1) to most dense (7) as well as the postnuclear lysate (PNL) and crude lysosomal fraction (CLF) granules were dynamically evident in the zone of TIRF illumination ( Fig. 9A and supplemental Video 7A). To evaluate a role for myosin II in this activity, YTS cells were pretreated with the myosin L chain kinase inhibitor ML-9, which inhibits myosin II function (29) . ML-9 was used in this capacity for TIRF applications due to the phototoxicity of blebbistatin at 488 nm (37).
ML-9-treated cells still polarized lytic granules toward the Abcoated glass (Fig. 9A) , but there were fewer lytic granules in the zone of TIRF illumination. Furthermore, the lytic granules that were apparent were less dynamic ( Fig. 9A and supplemental Video 7B).
To quantify the effect of ML-9 treatment on lytic granule dynamics, individual lytic granules from multiple control and ML-9-treated cells were identified, measured, and tracked throughout the duration of imaging. In control cells, granule area fluctuated over time, suggesting that granules were constantly moving toward and away from the NK cell membrane. In ML-9-treated cells, however, granule area was generally small and remained constant throughout imaging (Fig. 9, B and C) . Relative to control, ML-9-treated cells had a lower mean number of lytic granule tracks (Fig.  9D) , which had less velocity, track length, total displacement, and rate of displacement (Fig. 9, E, F, H, and I) . The mean duration of each track was not different between control and ML-9-treated cells (Fig. 9G) . Thus, lytic granule approach to and movement at the IS is diminished by ML-9 treatment. This suggests a critical role for myosin II in this prefinal step in NK cell cytotoxicity, where lytic granules traverse the cell cortex to reach the NK cell plasma membrane.
Discussion
NK cell cytotoxicity occurs largely through the directed exocytosis of lytic granule contents onto target cells. Previously, myosin IIA was shown to be dispensable for NK cell conjugation with target cells, IS formation, and lytic granule polarization toward the IS, but required for degranulation (16) . In this study, using NK cells from four patients with a mutation in myosin IIA, we identify a mechanism for myosin IIA function in NK cells. Specifically, myosin IIA associates with lytic granules and enables their interaction with F-actin as well as their final approach to the IS.
This function of myosin IIA is likely critical, as there is a substantial accumulation of F-actin at the IS, which could prevent a large organelle such as a lytic granule (up to 1 m in diameter; Ref. 38 ) from reaching the cell membrane. Clearances in cortical actin have been identified at the secretory domain in CTLs (39) and subsequently in NK cells (40) . It was unclear, however, whether lytic granules require assistance in navigating a course through the actin cortex surrounding the secretory domain once they have reached the IS. In our studies of myosin IIA 1933x patient or blebbistatin-treated NK cells, we have found diminished colocalization between perforin and F-actin at the IS (Fig. 2) , suggesting that functional myosin IIA is necessary for lytic granule penetration into the F-actin cortex at the IS. Myosin IIA is unlikely to function at the lytic IS in large-scale restructuring of F-actin, as overall F-actin organization at the IS was previously reported as normal in blebbistatin-treated cells (16) , although minor contributions of myosin IIA at the IS in readjusting the actin cortex cannot be excluded.
In the present work, we found that myosin IIA was directly and constitutively associated with lytic granules using several techniques (Figs. 2, 4 , and 5). Although we identified myosin IIA in generated in preparing the starting material for the density gradient. In G and I, anti-myosin IIA Abs with specificities for both wild type and 1933x myosin IIA (top), or only wild-type myosin IIA (middle). Densitometric ratios of total to wild-type epitope recognizing Ab signal, as well as total myosin IIA to granzyme B, are shown below the Western blots. lytic granule preparations in both YTS and donor-derived NK cells (Fig. 5) , it is possible that myosin IIA was present in these preparations due to an association with organelles of similar density to lytic granules. This is unlikely, however, as myosin IIA was visualized with isolated lytic granules by confocal microscopy ( Fig.  5 ) and was at the periphery of lytic granules in ultrastructural analyses of intact eNK cells and isolated lytic granules (Fig. 6 ). Localization at the periphery of these organelles is important because this would allow myosin IIA to serve a functional role on intact granules. The constitutive association of myosin IIA with lytic granules (Figs. 4 and 5 and S4) suggests that myosin IIA is unlikely to be recruited to lytic granules upon NK cell activation, although rapid turnover of granule-associated myosin IIA cannot be excluded. The association of myosin IIA with lytic granules would be akin to the functions of certain myosin isoforms in other cell types. Examples include myosin V (reviewed in Ref. 41 ) and myosin II (42) (43) (44) (45) (46) (47) , which are implicated in vesicle transport. Myosin IIA, specifically, has also been linked to degranulation in mast cells (17, 48) , although it is unclear whether myosin IIA is associated with mast cell granules or is involved in remodeling the cytoskeleton in these cells. Our findings expand upon the role of myosin IIA in organelle transport, indicating a specialized and direct role for myosin IIA in the transport of NK cell lytic granules.
The association of myosin IIA molecules to lytic granules could potentially occur directly through the granule membrane. The Cterminal fragment of myosin IIA can bind to phosphatidylserinecontaining vesicles (49, 50) , and this property could enable a similar association with lytic granules. Alternatively, myosin IIA may associate with lytic granules in an indirect fashion, as demonstrated by the cooperative binding of myosin V with rab27a and melanophilin to melanosome membranes (51) . Because myosin IIA has been previously identified in NK cells to exist in a complex with WIP and WASp (21) , and WIP has been identified in NK cell lytic granule preparations (52) , myosin IIA could potentially associate with lytic granules through this complex.
The specific association of myosin IIA with lytic granules may point to an inherent ability of lytic granules to reach the cell membrane once delivered to the cortex. Myosin IIA-associated lytic granules isolated from NK cells are capable of adhering to F-actin, even under the force of flow (Fig. 8) . The sensitivity of this interaction to ATP and high salt implies that the protein or proteins responsible are regulated by ATP, a known property of myosins. There is a possibility that other actin-binding proteins associated with the granules may stabilize this interaction, but additional ATP-dependent actin-binding motor proteins were not identified in our proteomic analysis of lytic granule contents (data not shown), or in those published by others (53) . A role for myosin IIA in the final approach of lytic granules to the IS was further identified in ML-9-treated NK cells using TIRF microscopy (Fig. 9) , despite the fact that granule polarization occurred (Fig. 9A) , as previously Interaction between myosin IIA-associated lytic granules and F-actin. Lytic granules from an isolated fraction enriched in myosin IIA and granzyme B were prepared from YTS (A, B, E, and F), control NK (C), and myosin IIA 1933x patient NK (D) and incubated for 30 min in the presence or absence of F-actin. After centrifugation at 18,000g, the pellet (P) and supernatant (S) were evaluated for actin and granzyme B by Western blot (A, C, and D). As a positive control, ␣-actinin was used to bundle the F-actin, causing it to pellet. Pellet and supernatant from the assay were separated. B, Percentage of actin in the pellet Ϯ SD from three independent experiments, determined by densitometric analysis. ‫,ء‬ p Ͻ 0.05 compared with buffer (negative control). E and F, Electron micrographs of lytic granule pellets. The pellet obtained from the mixture of lytic granules and F-actin (E) was compared with the pellet of lytic granules alone (F). Scale bar, 500 nm. demonstrated (16) . This implies a role for myosin IIA in transporting lytic granules to the plasma membrane following their delivery to secretory domains at the IS. This function is likely to be specific for lytic granules, as IFN-␥ secretion was not affected in blebbistatin-treated cells (Fig. 3) , a distinction further supported by studies defining differential regulation of degranulation and IFN-␥ production in NK cells (35, 54) .
The role for myosin IIA in NK cell lytic granule function was additionally demonstrated by NK cells from rare patients with May-Hegglin anomaly due to a 1933x mutation in myosin IIA. Patient NK cells had defective cytotoxic activity and lytic granules that poorly colocalized with F-actin (Fig. 1) , again suggesting that functional myosin IIA may be necessary for lytic granule entry into F-actin at the cell cortex. Although one of the four patients we evaluated had an atypical infection (with Listeria), which has been shown to involve NK cell-mediated defense (55) , it is presently unclear whether this defect is of clinical significance due to the small number of patients available for study with this mutation. A more comprehensive clinical assessment of patients with this particular, as well as other, MYH9 mutations is warranted.
The 1933x mutation affects the domain of myosin IIA involved in filament formation and cargo binding (49) . It does not prevent formation of H chain dimers, but does result in abnormal bipolar myosin IIA filaments (56) . These potential effects of myosin IIA 1933x in filament formation and/or cargo binding suggest two different mechanisms of how myosin IIA associates with lytic granules. First, myosin IIA could form bipolar filaments which wrap around lytic granules. In this case, the presence of the 1933x mutant in myosin IIA heterohexamers would alter filament structure and reduce F-actin binding capabilities, potentially due to poor filament contractility. Our data demonstrate that the quantity of myosin IIA associated with lytic granules is normal in patient NK cells (Fig. 5 ), but the function in interacting with F-actin is decreased ( Fig. 7 and 8) . As a second potential mechanism, several myosin IIA molecules could associate with NK cell lytic granules in single hexameric units. Although one independent myosin IIA unit would have minimal processivity, multiple molecules could cooperate to enable granule interaction with F-actin (57) . Single myosin IIA units attached to granules might lead to the directional rolling of granules along F-actin, while myosin IIA filamentwrapped granules might predict more random dynamics of individual granules. Further studies defining these interactions hold the potential to identify novel mechanisms of myosin IIA function.
Regulation of myosin IIA could also represent an important means for controlling lytic granule interaction with F-actin, and may be affected by the 1933x mutant myosin. A casein kinase II FIGURE 8. Functional association of lytic granules with F-actin and effects of ATP and myosin IIA 1933x. Isolated lytic granules were added to flow chambers containing biotinylated BSA/streptavidin (BSA/SA) without actin, with actin and physiologic salt buffer, or with actin and ATP-containing high-salt buffer, or with actin using blebbistatin-treated granules. Granules from YTS-MyoIIA-GFP (A), control NK (C), and 1933x NK (D) cells were drawn through the chamber and allowed to flow through or adhere for 1-2 min before imaging with a confocal microscope at ϳ5 time points per second. From any single culture propagated NK cell preparation the quantity of lytic granules obtained was sufficient for flow through only two chambers. Images were analyzed using the object tracking function in Volocity software and represent an overlay of 12 to 45 s. Individual moving objects which had displacement greater than 5 m (red) and displacement less than 5 m (white) are indicated. Scale bar, 40 m. Some images are rotated from their original orientation, shown in supplemental Videos 4A-6B. B and E, Number of moving objects per second Ϯ SD in three to five independent sequences of isolated YTS-Myosin IIA-GFP (B) and control and 1933x NK cell (E) lytic granules added to flow chambers. ‫,ء‬ p Ͻ 0.05.
phosphorylation site exists at S1943 of the myosin IIA H chain (58) and is removed by the 1933x mutation. Additionally, PKCmediated phosphorylation of S1916 (59, 60) could be altered in the 1933x protein, as interaction of PKC with myosin IIA may be stabilized by the C terminus of the protein. Regulation of myosin IIA through C-terminal phosphorylation has been established in murine T cells (15) , suggesting that mutations disrupting phosphorylation sites may alter immunologic functions. The 1933x mutation may also affect interactions with mts1/S100A4, which is known to bind between residues 1909 -1937 of myosin IIA and regulate myosin IIA phosphorylation states (61) . Alterations in myosin IIA phosphorylation state could result in decreased function in binding to or movement across F-actin.
In cytotoxic lymphocytes, lytic granules are brought to the secretory domain by the MTOC, which approximates the cell membrane in cytolytic conjugates (4) . Myosin IIA may facilitate the final transport of NK cell lytic granules through the F-actin cortex at the IS. Given that NK cells maintain abundant lytic granules at rest, this mechanism of tight control may be warranted. Additional identification of how myosin IIA is regulated to promote lytic granule exocytosis may therefore uncover important controls for NK cell cytotoxicity. The constitutive and functional association of myosin IIA with lytic granules, however, defines a critical requirement for accessing NK cell activity.
